ABSTRACT
Introduction
Non-specific lipid transfer proteins (nsLTPs), particularly peach Pru p 3, are the most important plant food allergens in the Mediterranean area (Asero et al, 2009; Fernandez-Rivas et al., 2003; Salcedo et al., 2007; van Ree, 2002) . They constitute a panallergen family of 9 kDa (90-95 amino acids) basic peptides, with a rigid 3D-structure due to the presence of four conserved disulphide bridges . nsLTPs have been considered as true food allergens, being primary sensitizers by the oral route, and proposed as plant food allergen model van Ree, 2002) . However, an increasing body of experimental data point out to a complementary role as inhalant allergens, linked in some cases to plant food and pollen cross-reactions (Barber et al., 2008; Lauer et al., 2007; Zuidmeer and van Ree, 2007) . In this context, wheat LTP Tri a 14 has been recently identified as a relevant allergen involved both in wheat food allergy and baker's asthma (Palacin et al, 2007 (Palacin et al, , 2009 Pastorello et al., 2007) .
Baker's asthma is one of the most frequent occupational diseases, affecting around 1-10% of bakery workers (Brant, 2007; Jacobs et al., 2008) . The inhalation of wheat flour is the most common cause, although some additives, such as fungal a-amylases, have also been described as allergens eliciting baker's asthma (Brant, 2007; Tatham and Shewry, 2008) . Several wheat protein families, mainly from the salt-soluble fraction (albumins plus globulins), and particularly those belonging to the a-amylase inhibitor family, have been associated with this disorder (Armentia et al, 1993; Tatham and Shewry, 2008) . However, no proper panel of molecular tools (purified allergens) has been still developed for this allergy. A wheat LTP, namedTria 14, has been proposed as a potential useful diagnostic tool, based on its high sensitization rate (60% of sera with specific IgE to the allergen) and in vivo (SPT) positive response (62% of tested patients) (Palacin et al., 2007 (Palacin et al., , 2009 ). Furthermore, a complex sensitization profile to Tri a 14 and peach Pru p 3 have been described in baker's asthma patients (Palacin et al, 2007 (Palacin et al, , 2009 , indicating that there are high or poor cross-reactivity between the two allergens (i.e. recognition of mainly common and specific IgE (B)-epitopes) depending of the analyzed patient.
IgE epitopes have mainly been studied by IgE-binding analysis of overlapping peptides bound to membranes. Sequential IgE epitopes can be screened by this strategy. However, the information about conformational epitopes, which are of great importance in highly resistant proteins such as nsLTPs, would be lost due to the own limitation of the technique. The inherent restrictions of this approach suggest that potentially relevant IgE-binding regions of the allergen studied, particularly conformational epitopes formed by sequentially discontinuous amino acid residues, cannot be detected (Aalberse, 2000; Christensen et al., 2008) . The production of hypoallergenic forms has been used to analyze structural epitopes. However, this is a laborious strategy, because of the difficulty of selecting the residues to be mutated. New strategies have been developed in recent years to study and characterize regions with IgE-binding capacity. Phage display has shown itself to be a powerful tool for uncovering conformational mimic epitopes or mimotopes from random peptide phage libraries (Folgori et al, 1994; Ganglberger et al., 2000; Luzzago et al, 1993) . Mimotope sequences represent a region of the allergen that can be recognized by IgE, and thus led to identify a structural B-cell epitope Ganglberger et al., 2000; Jensen-Jarolim et al, 1998; Myers et al., 2000) . Mimotopes can also be used to develop new immunotherapy strategies, for example, in the design of peptide vaccines or in specific treatments with hypoallergenic proteins (Jensen-Jarolim et al., 1998 ,1999 .
Neither sequential nor conformational IgE epitopes of Tri a 14 have been located. In contrast, different Pru p 3-epitopes have been characterized by several methods Pacios et al., 2008; Tordesillas et al., 2009 ). Thus, three sequential regions, Pru p 3n-25. Pru p 33i_45 and Pru p 37i_so. and a complex conformational epitope (N35N36L37R39T40P42D43R44A46S76I77P78Y79), which comprises in Pru p 33i_45 and Pru p 37i_so. have been defined.The aim of the present work was to characterize relevant IgE-binding regions of Tri a 14, and to compare them with the homologous regions in Pru p 3.
Methods

Patients and sera
Patients with baker's asthma caused by wheat flour were recruited at the Servicios de Alergia of Hospital Universitario La Paz (Madrid, Spain) and Hospital Universitario Rio Hortega (Valladolid, Spain). The criteria for selection were as follows: (1) a convincing clinical history of occupational asthma provoked by inhalation of wheat flour (Quirce et al., 2006) ; (2) a positive skin prick test (SPT) response to in-house wheat salt-soluble protein extract; (3) specific IgE level to wheat of greater than 0.35 kU/L as determined by the Pharmacia CAP System FEIA (Phadia, Uppsala, Sweden). Considering that the maj or aim of the present work was to analyze common epitopes between Pru p 3 and Tri a 14, sera from 8 patients who covered the selection criteria, and showed specific IgE to both purified nsLTPs as measured by ELISA assay (see below), were further selected and used in this study.
As negative control to test the specify of the phage display, a pool of sera from atopic patients (n = 4) without plant food allergies and without specific IgE to nsLTPs were selected.
Written informed consent was obtained from all patients and the study was approved by the corresponding ethics committees of both hospitals.
ELISA assays
An in-house wheat extract of salt-soluble proteins, as well as rTri a 14, were obtained according to Palacin et al. (2007 Palacin et al. ( , 2009 , and rPru p 3 was produced and isolated following . Purified allergens were quantified by means of the commercial bicinchoninic acid test (Pierce, Cheshire, UK), and purity ascertained by a single band of the expected molecular size in SDS-PAGE analysis and a single and expected (Diaz-Perales et al., 2000 Palacin et al., 2009 ) N-terminal amino acid sequence (10 residues).
Specific IgE to the wheat extract (15 |jig/mL in solid phase) and purified rPru p 3 and rTri a 14 (5 |jig/mL) were determined in each individual serum (1:5 dilution) from the 8 selected patients with baker's asthma by means of a previously described direct ELISA method (Diaz-Perales et al., 2000) . Blocking solution (Sigma) without solid phase was used as negative control. Specific IgE levels greater than 0.1 OD units (mean [OD] +3 x S.D. to blocking) were considered positive. All tests were performed in triplicate.
The specificity of IgE-selected phage recognition was confirmed by ELISA assays. Plates, coated with a monoclonal antibody antiHuman IgE (ABR Affinity BioReagents, Rockford, USA) and blocked, were incubated with individual clones (100|jLg/mL). After washing, a serum pool (1:5, 50 uX) from the selected baker's asthma patients or a serum pool from atopic non-fruit allergic patients (1:5, 50 |JLL) used as negative control was added. Binding was revealed with anti-M13-peroxidase-conjugated monoclonal antibody (1:1000 dilution; GE Healthcare Bioscience).
Dot-blot analysis of solid phase-bound synthetic peptides
Synthetic peptides (5-mer overlapping decapeptides) spanning the entire Pru p 3-or Tri a 14-sequence and covalently bound to a cellulose membrane (SPOTs) were obtained fromJPT Peptide Technologies (Berlin, Germany). A SPOT membrane with two different rows, one with Tri a 14-peptides and another with Pru p 3-peptides, was incubated with blocking-PBS buffer (Sigma, Steinheim, Germany) for 3 h at 25 °C and then overnight with a serum pool (1:5 dilution) from baker's asthma patients. The IgE-binding spots were subsequently revealed by 125 I-labeled anti-human IgE (ALK-Abello, Madrid, Spain) for 4h at 25 °C, and autoradiography (5 days exposure at-80 °C).
Selection of phage-displayed IgE epitope-mimicking peptides
This selection was carried out as previously described (Mittag et al., 2006) . A 2-mL aliquot of a suspension of Tosyl-activated M280 Dynabeads (Invitrogen Dynal, Oslo, Norway) was loaded with 100 (xg monoclonal mouse-anti-human IgE (ABR Affinity BioReagents) overnight. They were then washed with PBS 0.5% (w/v) BSA and with PBS 0.1% BSA. The anti-IgE-coated beads were blocked with PBS 2% (w/v) skim milk. The serum pool from selected patients was diluted in PBS with 0.05% Tween 20, 0.1% skim milk (dilution 1:5), and incubated with 200 uX coated bead suspension at 4°C overnight. The total IgE of baker's asthma patients was retained, bound to the coated beads. After extensive washing, 100uX of them was used immediately for the first round of selection, while the remaining 100 uX was retained for the second selection round.
First selection round
The IgE coated beads were incubated for 3h with 2 11 phages from a library of phages displaying linear random 12-mer peptides (PH.D.-l 2 Phage Display Peptide Library 2.7 x 10 9 clones; New England Biolabs, UK), and washed with dilution buffer to remove unbound phages. The phages still bound to the beads were amplified by direct infection of ER2738 Escherichia coli cells (provided with the phage library) following the manufacturer's instructions. Phage amplification was allowed overnight at 30°C. Phages were purified by PEG-precipitation and titred.
Second selection round
The beads with immobilized IgE were incubated with 2 11 amplified phages selected in the first round. The beads were then washed and aliquoted for specific elution with 500 uX of 25 |jigprotein/mL of recombinant allergen (Tri a 14 and Pru p 3) in PBS with 0.1% (w/v) skim milk. One aliquot was eluted with one allergen, and centrifuged. The pellet was then eluted with the other allergen. Titres of eluted phages were determined. Single colonies were picked and isolated phage preparations were made and processed as described by the library manufacturer. Amino acid sequences of the displayed peptides were deduced from the DNA sequences obtained for each phage clone using Ml3 phage-specific primers
Location ofmimotopes on protein surfaces and calculation of electrostatic potentials
Chain A of both X-ray structures of Pru p 3 (PDB code 2B5S, Pasquato et al., 2006) and Tri a 14 (PDB code 1BWO, Gincel et al, 1994) were used to obtain the solvent-excluded surface (SES). Residues of clones were identified on the surface of both nsLTPs by searching for connected regions after locating every individual residue area on the surface with Swiss-PDB Viewer (Pacios, 1994) (www.expasy.org/spdbv). Relative accessibilities were obtained also with Swiss-PDB Viewer and SES areas computed with Chimera 1.3 (Pacios, 2001 ).The electrostatic Poisson-Boltzmann (PB) potential was calculated with APBS 0.4.0 (Wang et al, 2004) , assigning AMBER99 atomic charges and radii including hydrogens added with PDB2PQR (Dolinsky et al., 2004) . Fine (0.50-A spacing) grids around the 1276 (Pru p 3) and 1313 (Tri a 14) resulting atoms were used to solve the nonlinear PB equation in sequential-focusing multigrid calculations for meshes of 97 points per dimension at 298.15 K with dielectric constants of 2 for proteins and 78.54 for water. Potential values are given in units of kT per unit charge (k, Boltzmann's constant; T, absolute temperature). PB potentials mapped onto protein surfaces, PB spatial isosurfaces and molecular graphics were obtained with PyMOL 1.1 (www.pymol.org).
Results
IgE-recognition of sequential regions from Tri a 14 and Prup 3
Tri a 14-and Pru p 3-derived decapeptides (5-mer overlapping) spanning the full amino acid sequences of each allergen were scanned with IgE from a serum pool of baker's asthma patients sensitized to both allergens (Fig. 1A) . Fig. 1A and B) . The sequential regions identified in Pru p 3 essentially correspond to sequential epitopes 1 -3 (residues 11 -25,31 -45 and 71-80, respectively) previously described by . These results indicate the presence of common (positions 31 -40 and 71-80) and specific (positions 51-60 in Tri a 14 and 11-20 in Pru p 3) sequential IgE-binding regions in the wheat and peach nsLTP allergens.
Identification ofmimotopes of Tri a 14 and Pru p 3
A phage display peptide library was incubated with IgE isolated from the baker's asthma serum pool. After two selection rounds, specific clones were eluted in two steps for both proteins ( Fig. 2A) . Firstly, specific clones were eluted with Tri a 14 (Tl). Non-eluted phages were then incubated with Pru p 3, eluting Pru p 3-specificclones (P2). The same was done eluting first with Pru p 3 (PI), and afterwards with Tri a 14, thus selecting Tri a 14-specific-clones (T2). Clones from each elution were amplified overnight, the DNAinsertion of 10 clone/elution was sequenced and the corresponding amino acid sequences were deduced (Fig. 2B) .
The specificity of the IgE/clone binding was further confirmed by means of ELISA assays using anti-human IgE/serum pool coated plates incubated with each selected clone. Only the results obtained with 5 clones/elution are shown in Fig. 3 . Every clone was recognized by IgE from patients with baker's asthma. However, no significant activity was detected when IgE from atopic patients non-sensitized to LTPs was used, confirming the specificity of the selection method. Thus, the selected clones can be considered specific mimotopes of Pru p 3 or Tri a 14, respectively.
Location of IgE epitopes on the structure of Pru p 3 and Tri a 14
The selected clones of each elution were localized onto the surface of Pru p 3 and Tri a 14. Four consensus sequences (one per elution) were obtained selecting the residues which appeared more frequently in clones together with their localization on the surface of the corresponding allergen (Fig. 2B) . The comparison of the consensus sequences of both elutions for the same protein (Tl versus T2 and PI versus P2) rendered essentially the same residues. For this reason, a final set of residues was defined for each allergen (Fig. 2C ) based on the deduced amino acid sequences complemented by surface mapping of the corresponding residues. 
MIMOTOPE:
Tri » 14: H^H^R^S^S^D^G^V^L^P^Y,,^ pru p 3 . H3BH3sR,,,T,l0D"R"G"1V7,iS7,iI,7P7aY7,( Even, residues mapped onto Tri a 14 surface and those localized in Pru p 3 overlapped. In fact, no specific IgE region was found in Tri a 14 with respect to Pru p 3. The final set of residues selected on both allergens (Figs. 2B and 4A) was located on two separate parts of the structure: near ends of helices 2 and 3 along with their connecting loop (part A) on one side, and the non-structured coil at the Cterminus (part B) on the other side. Given the overall similarity of these sets in Pru p 3 and Tri a 14, the specificity of the sensitization profile should be based on other features, such as molecular surface properties, which therefore, were explored.
Part A spans similar surface regions in both allergens. It covers nearly identical surface areas (388 and 400 A 2 in Pru p 3 and Tri a 14, respectively) and shows a similar electrostatic positive behaviour revealed by both the PB potential mapped on the surface (Fig. 4B ) and the PB isosurface extending outside the protein surface (Fig. 4C) . Although part B has six residues in both proteins, it covers a larger area in Tri a 14 (390 A 2 ) than in Pru p 3 (298 A 2 ) and shows a different electrostatic behaviour. While part B in Pru p 3 is neutral or weakly positive, in Tri a 14 it shows a negative nature. This feature is even more apparent in the large negative PB isosurface patches in Tri a 14 in a spatial region of the protein which is covered by a positive electrostatic field in Pru p 3.
Discussion
Members of the non-specific lipid transfer protein family, mainly peach Pru p 3, are known to be important allergens associated with plant food allergy, particularly in the Mediterranean region (Asero et al, 2009; Fernandez-Rivas et al., 2003; van Ree, 2002) . These allergens are usually associated with oral sensitization, although there is considerable evidence of other routes by which they can sensitize Lauer et al., 2007; Lombardero et al., 2004; Salcedo et al., 2007; Zuidmeer and van Ree, 2007) . Thus, wheat LTP, Tri a 14, has been recently characterized as a relevant inhalant allergen associated with baker's asthma (Palacin et al., 2007 (Palacin et al., , 2009 ). An extensive cross-reactivity has been reported among allergenic nsLTPs from different plant foods, and between them and those from some pollen such as Artemisia and plane tree Lauer et al, 2007; Lombardero et al., 2004; Zuidmeer and van Ree, 2007) . In this context, some baker's asthma patients sensitized to wheat Tri a 14 also recognize in vitro and in vivo peach Pru p 3, whereas no cross-reactivity between both allergens is found in other patients with similar allergic disorder (Palacin et al., 2007 (Palacin et al., , 2009 ). These experimental results suggest the presence of common, as well as specific IgE epitopes in Tri a 14 and Pru p 3. This scenario, together with the lack of information on Tri a 14 epitopes, led us to characterize such epitopes in the wheat allergen and to compare them with those located in Pru p 3. Three different and complementary strategies have been used: the analysis of IgE-binding capacity of 5 mer overlapping decapeptides bound to membrane, the characterization of mimotopes using a phage display of a 12-amino acid peptide library, and the analysis of surface electrostatic potential properties of both allergens.
Three relevant sequential regions of Tri a 14 have been identified by IgE immunodetection of synthetic decapeptides: Tri a 14 3l _4o, , indicate the presence of two common regions involved in IgE-binding (Tri a 143i_4o/Pru p 33i_4o and Tri a 1466-so/Pru p 37i_gi) that could mediate the cross-reactivity between both allergenic nsLTPs. In contrast, Tri a 14 51 _ 6 o and Pru p 3n-20 would represent specific regions, which could partially account for the differential sensitization to the two allergens described in some patients.
The mapping of sequential epitopes has been complemented by the location of mimotopes (conformational epitopes) in both nsLTPs. Thus, H35 N36 R39 S40 D43 G74 V75 L77 P78 Y79 T80 was identified as the major mimotope of Tri a 14, which overlapped with Tri a 14 31 _ 4 o and Tri a 14 66 _ 8 o, identified as common epitopes by synthetic peptides. In the same way, the Pru p 3-mimotope described in the present work, N36 L37 R39 T40 D43 R44 G74 V75 S76 177 P78 Y79, included the sequential epitopes Pru p 3 31 _ 4 o and Pru p 37i_9i, and is almost identical to that previously characterized (Pacios et al., 2008) . It should be emphasized that the identified mimotopes comprise two out of the three sequential IgE-binding regions defined in each allergen. The correspondence of the results obtained by two strategies (synthetic peptides bound to membrane and phage display) is evidence of their complementarity. However, the residues contained in sequential epitopes Tri a 14si_60 and Pru p 3n_2o, were not identified in the selected clones by phage display. This might be explained by their location on the protein 3D-structure that shows low relative accessibilities forthe majority of residues in these sequences. This highlights the difficulty of fulfilling their role in sensitization, taking into consideration the high stability of the nsLTP-folding. However, the role of Tri a 14 51 _ 6 o in baker's asthma cannot be ruled out.
The alignment of Tri a 14-and Pru p 3-mimotopes resulted in the presence of a main core that can be involved in cross-reactivity: N36 R39T/S40 S42 D43 G74V75 I/L77 P78Y79.These core residues, localized in two distant regions in the amino acid sequence, were close in the 3D-structure and gave rise to two differentiated surface regions with distinct electrostatic features. Electrostatic potentials of part A, Tri a 14 31 _ 4 o/Pru p 3 31 _4 5 , show similar positive behaviour and comparable surface areas. On the contrary, part B, Tri a 1465-so/Pru p 37i_so. have markedly different characteristics. Although the residues were rather similar, Tri a 14 exhibited significant negative potential and larger areas than Pru p 3, which shows besides a neutral or positive potential. This distinct electrostatic nature could bring about differences in the recognition of the two allergens by molecular properties of the regions involved. Hence, the specific residues would not be as important as the determinant of sensitization. However, further experimental evidence is required to confirm this hypothesis.
In summary, this work identifies most of the IgE epitopes of Tri a 14 as corresponding to those identified here and also previously described in Pru p 3. The conservation of the residues in both allergens (and in other allergenic members) of the nsLTP family ) may explain the cross-reactions among allergens of this protein group. Moreover, epitopes involved in food allergies appear to be the same as those recognized by other types of sensitization, such as that occurring in the respiratory tract. Hence, the Pru p 3-mimotope identified using IgE from baker's asthma patients (inhalation allergy) is almost the same as that previously described when using sera of peach-allergic patients (food allergy). This finding could be of relevance to the design of new hypoallergenic mutants for use in alternative immunotherapy strategies. However, specific sequential epitopes described by synthetic peptides (Tri a 14si_60 and Pru p 3n-2o) and electrostatic potential differences of conformational regions involved in IgE-binding can explain the specific sensitization to both allergens.
The obtained results in this work confirm the power of mimotope identification in the study of conformational epitopes as an alternative way of producing hypoallergenic proteins. The technique could be of particular importance in the study of food allergens, given that nsLTPs probably involve mainly conformational epitopes. The wider use of this technique would undoubtedly facilitate the characterization of IgE epitopes in different allergens (Partidos and Steward, 2002; Riemer et al., 2004; Sharav et al, 2007) .
